In addition to the marked reduction in legumin synthesis and legumin mRNA levels reported earlier (Chandler, Higgins, Randall, Spencer 1983 Plant Physiol 71: 47-54), pulse labeling of S-deficient Pisum sativum L.
It has been shown in a range of legume and cereal species that plants grown at suboptimal levels of S supply produce seed with a modified storage protein composition. Such seeds consistently show a decrease in the proportion of the more S-rich proteins; for example, there is a selective reduction in the proportion of legumin-type globulins in lupins (2) and peas (15) , in the highmobility gliadins in wheat (21) , and in the B and D hordeins in barley (17) . In all cases there was an accompanying increase in the proportion of the less S-rich seed protein components. In Sdeficient peas, the reduction in the proportion of legumin was associated with a reduced rate of legumin synthesis and with reduced levels of legumin mRNA (5) .
To gain a better understanding ofthe way in which S deficiency regulates the proportions of the major seed proteins, we have examined its effect on the synthesis and mRNA levels of a range of proteins during pea seed development. S deficiency resulted in both increases and decreases in the level of synthesis of different seed proteins and, in the case of Mr 50,000 vicilin there was a change in the temporal pattern of its synthesis. These changes were closely paralleled by changes in the level of the corresponding mRNAs. Restoration of an adequate S supply to plants during seed development led to a return to a normal pattern of protein synthesis.
MATERIALS AND METHODS
Plant Material. Peas (Pisum sativum L.) line PI/G 086, selected from cv Greenfeast, were grown in artificially lit cabinets at 20C with a 16-h photoperiod as described (13) and pods of a known age, specified as DAF,' were used. The nutrient regime for growing S-deficient plants and the characteristics of S-deficient seeds were the same as described earlier (5) .
Recovery Experiments. S-deficient plants were watered with a complete nutrient containing 1 mm MgSO4. S-deficient, detached seeds were supplied with 12 mM MgSO4 via the funicle.
Measurement of Vicilin Synthesis. Immunoaffinity chromatography was carried out as described elsewhere (1) . The extent of vicilin synthesis during pulse-labeling was expressed as the proportion of total extracted radioactive protein (TCA-insoluble protein) which bound to IgG specific for the total vicilin fraction (vicilin plus convicilin) from mature peas.
Construction and Characterization of cDNA Clones. Poly (A)
RNA from young (15 DAF), mid-stage (22 DAF), and old (27 DAF) cotyledons was copied into double-stranded DNA and cloned into the Pst 1 site of pBR322 as previously described (5) . Transformants were screened by colony hybridization (8) using cDNA from each of the three developmental stages as well as inserts from selected recombinant plasmids obtained in an earlier cloning. Nine different clones were eventually selected from a total of 1600 clones with inserts, and these represent nine major hybridization families in this population. The selected plasmids have all been characterized by hybrid release translation and Northern hybridization, and most ofthem by complete or partial DNA sequencing. They are described in Table I .
The plasmids for legumin (pPS15-75) and lectin (pPS 15-104) have been described in detail previously (5, 9) . Single-stranded phage derivatives of pPS 15-112 have also been described, as well as derivatives of two other plasmids which are homologous to two plasmids in Table I . Thus, fdlO3-96B (4) was derived from pPS 15-96 which cross-hybridizes with pPS 15-21. Similarly, fdlO3-6T (4) was derived from pPS15-6 which cross-hybridizes with PS 15-28.
On the basis of DNA and protein sequencing studies, three of the remaining plasmids (pPS 15-24, pPS 15-71, and pPS 15-84) encode vicilin Mr 50,000 polypeptides (18) . The inserts in these plasmids differ however: each shows 75 to 85% nucleotide sequence homology with the other two, so that under the usual 'Abbreviations: DAF, days after flowering; IgG, immunoglobulin G. conditions of hybridization (Tm-20) they do not cross-hybridize (P. M. Chandler, unpublished observations). Whether the polypeptides encoded by these plasmids remain as M, 50,000 polypeptides in the mature seed, or are processed to the smaller vicilin polypeptides (1 1, 18) is not yet known.
The remaining plasmid, pPS15-91, selects an mRNA for an Mr 13,000 polypeptide synthesized in vitro which corresponds to an Mr 11,000 polypeptide synthesized in vivo. This is processed to form an M, 8 ,000 albumin (T. J. V. Higgins, unpublished observations).
Other Procedures. Procedures for in vivo labeling of cotyledons, preparation of total extracts from cotyledons, as well as polypeptide fractionation by SDS-PAGE and fluorography were all described elsewhere (20) . The '4C-amino acid mixture (Amersham) used in pulse-labeling detached cotyledons contained no methionine or cysteine. Hybridization of labeled plasmids to size-fractionated RNA and corrections for different loading levels or efficiency of transfer were performed as previously described (5) .
RESULTS
Vicilin Synthesis in Sulfur-Deficient Plants. Vicilin and legumin are the two major storage proteins of pea seeds. Since the level of the more S-rich legumin and albumin fractions is preferentially reduced by S deficiency ( 15, 16) , it was of interest to measure the synthesis of the S-poor, vicilin fraction under these same conditions. Cotyledons were taken from S-deficient and control plants during seed development and pulse labeled with '4C-amino acids. Proteins were then extracted and the contribution of vicilin to total radioactive protein synthesis was determined by immunochromatography using Sepharose 4B to which was covalently coupled IgG to a total vicilin (vicilin plus convicilin) fraction. Under our growing conditions, the active phase of storage protein synthesis extends from approximately 11 to 28 DAF. Pulse labeling during this period showed that at 16 DAF the contribution of vicilin to total protein synthesis was similar in both control and S-deficient plants (Fig. 1) . In cotyledons from control plants this level then declined sharply while, in marked contrast, it remained high in S-deficient seeds throughout the remainder ofthe protein accumulation phase. This phase was extended considerably in S-deficient seeds in this experiment by approximately 8 d. Clearly, a suboptimal supply of nutrient S has a dual effect resulting in a decrease in legumin synthesis (5, 15) h with a mixture offourteen '"C-amino acids. The contribution ofvicilin to total protein synthesis was estimated by reating total extracts of the labeled cotyledons with Sepharose 4B to which was covalently coupled IgG to a total vicilin fraction from mature seeds.
detailed examination of its effect on the developmental pattern of all major seed polypeptides. At intervals during seed development, cotyledons from control and S-deficient plants were pulse-labeled for 2 h and the resultant radioactive proteins were fractionated by SDS-PAGE (Fig. 2) . Each lane of the gel was loaded with equal amounts of incorporated radioactivity. Intensity of radioactive bands, therefore, gives a relative measure of their synthesis at each harvest time during seed development, but is no indication of the absolute level of synthesis. Because the pulse-labeling period was only 2 h, the smaller subunits of vicilin (Mr < 50,000) are not radioactive. These subunits arise by delayed posttranslational processing of precursor molecules from the Mr 50,000 family of polypeptides (7, 18) . This processing takes place 6 to 20 h after the precursors are synthesized (6) . Legumin subunits of Mr -40,000 and 19,000 also arise from precursor molecules (Mr -60,000) but in this case processing commences about 1 h after precursor synthesis (19) with the result that both precursors (Mr -60,000) and processed subunits (Mr -40,000 and 19,000) are detected after a 2-h labeling period.
In seeds from healthy plants, the Mr 50,000 family of vicilin polypeptides was the dominant radioactive product early in development and its contribution to total protein synthesis de- clined rapidly after 17 DAF (Fig. 2) . Legumin polypeptides, (Mr 60,000, 40,000, and 19,000) were mainly synthesized in the second half of seed development from 20 DAF onward. Sulfur deficiency resulted in a number of changes in the polypeptide developmental pattern. Consistent with the results in Figure 1 , the high level of synthesis of vicilin Mr 50,000 polypeptides seen early in development was maintained throughout the second half of development, contrasting sharply with its pattern in healthy seeds. The other major component of the vicilin fraction (convicilin, Mr 75,000) makes a far smaller contribution at early stages of development to total vicilin synthesis. At later stages of development, however, Mr 75,000 is the major component of the vicilin fraction being synthesized. In healthy (control) seeds its developmental pattern covers almost the entire period of protein accumulation from 13 to 27 DAF. This accounts for the relatively high levels of total vicilin being synthesized (12% of total protein synthesis) by control cotyledons 28 DAF (Fig. 1), at a stage when there is very little synthesis ofvicilin M, = 50,000 polypeptides (Fig. 2) . S deficiency resulted in a slight but consistent decrease in the relative level of convicilin synthesis. These results indicate that, in S-deficient seeds, the enhanced and extended synthesis of total vicilin measured by immunochromatography ( Fig. 1 ) largely reflects the altered developmental pattern of synthesis of the Mr 50,000 vicilin polypeptides.
Other changes in the polypeptide spectrum include the previously-reported, severe depression of legumin synthesis (5, 15) . At the level of sensitivity in this experiment, legumin synthesis was not detected in S-deficient seeds during the second half of seed development (Fig. 2) . S deficiency also reduced the contribution of several albumin polypeptides, namely, two polypeptides of approximate M, 92,000 and 100,000, a doublet of Mr -22,000 and a polypeptide ofMr 1 1,000. From labeling studies with [35S] sulfate, all these polypeptides are known to contain S-amino acids (16) . A radioactive polypeptide of Mr -35,000, which was not detected in control seeds, was consistently present in seeds from S-deficient plants between 13 and 22 DAF. These results show that S deficiency results in extensive qualitative and quantitative changes to the developmental patterns of synthesis of a wide range of seed proteins, the most striking of which concern its contrasting effects on synthesis of the vicilin Mr 50,000 polypeptides compared with the polypeptides of legumin.
mRNA Levels during Development of Healthy and SulfurDeficient Seeds. It was previously shown that the greatly reduced level of legumin synthesis in S-deficient seeds was correlated with reduced levels of legumin mRNA at 22 and 25 DAF (5) . In view of the striking effect of S deficiency on the temporal pattern of synthesis of a number of seed proteins, a parallel study was conducted on the relative level of a range of mRNAs to see whether these also correlated with the observed changes in protein biosynthesis. Total RNA was extracted from cotyledons at intervals throughout seed formation and equal amounts of RNA were fractionated by electrophoresis on agarose. The fractionated RNA was blotted onto derivatized cellulose and hybridized with radioactive cDNAs representing seven different pea seed proteins. In healthy seeds each of these mRNAs displayed a characteristic developmental pattern (Fig. 3) . It should be noted that intensities of the bands reflect relative RNA levels within the time series for any given probe. Differences in band intensity between different probes do not reflect the relative levels of their corresponding RNAs but other factors such as specific activity of the labeled DNA sequences and length of exposure of the autoradiograph.
The patterns in Figure 3 show that in healthy seeds some mRNAs, such as those coding for the Mr 50,000 vicilin and Mr 25,000 lectin polypeptides reach their maximum level early in development and then decline rapidly, while others such as those coding for the albumin of Mr 22,000 and the polypeptide of Mr 70,000 are predominant during the latter stages of development. The mRNAs for legumin (Mr 60,000) and the small albumin (Mr 13,000) reach their highest levels midway through development (20 to 22 DAF). Convicilin (Mr 75,000) mRNA is present at relatively constant levels from 17 to 25 DAF.
In general there is a good correlation in healthy plants between the temporal pattern of the mRNAs (Fig. 3) and that of the corresponding polypeptides detected by pulse-labeling detached cotyledons (Fig. 2) , strongly suggesting a large measure of control of seed protein synthesis through regulation of mRNA levels. The same conclusion applies to the change in relative mRNA levels in developing, S-deficient seeds, some examples of which are shown in Figure 4 . Once again equal amounts of total RNA were electrophoresed in all lanes, representing both healthy and deficient material. plants the level of legumin mRNA remains low throughout seed development. There was also a marked effect of S deficiency on the mRNA levels for the Mr 70,000 polypeptide and the Mr 13,000 polypeptide. In contrast, the relative level of mRNA for the Mr 50,000 vicilin subunits was increased by S deficiency and this high level was maintained almost to the end of the protein accumulation phase.
Sulfur deficiency resulted in a reduction in mRNA levels for convicilin (Mr 75,000), lectin (Mr 25,000), and the Mr 22,000 albumin (data not shown). The extent of this reduction was variable with Mr 22,000 mRNA being unaffected in some cases. The reason for this variability is not known but it may reflect differences in the degree of sulfur stress from one experiment to another. The same variability was found in the in vivo labeling pattern for these polypeptides. These results show that the effect of S deficiency is not restricted to legumin mRNA, but rather it results in quantitative and qualitative changes to the developmental patterns of a range of seed mRNAs.
Recovery Experiments. It was shown earlier that S-deficient plants responded to increased S supply even when this was given as late as 20 DAF. Increased levels of legumin mRNA and legumin synthesis were detected after 2 d of adequate S supply (5) . In view of the marked enhancement of Mr 50,000 vicilin mRNA levels and synthesis in S-deficient seeds, it was of interest to follow the changes in these parameters under recovery conditions. S-deficient plants at 20 DAF were restored to an adequate S supply and the level of synthesis of Mr 50,000 vicilin and of its mRNA were monitored during recovery. Pulse-labeling experiments showed that after 3 d the contribution of Mr 50,000 synthesis to total protein synthesis in recovering seeds had declined slightly (Fig. 5A) , while in the same period synthesis of legumin Mr 60,000 increased sharply, as previously reported (5). After 6 d of recovery, M, 50,000 synthesis had dropped to a low level and after 9 d there was no detectable synthesis of the major M, 50,000 polypeptides at this level of sensitivity (Fig. 5A) . Changes in mRNA levels paralleled both this slow decline in synthesis of M, 50,000 vicilin and the more rapid increase in legumin synthesis seen by pulse-labeling (Fig. 5B) . In other experiments (not shown), an increase in the relative level of legumin mRNA was detected 12 h after restoring an adequate sulfur supply to the whole plant. In addition to increased amounts of legumin mRNA following restoration of S supply, there were marked increases in amounts of the mRNAs for the Mr 13,000 and Mr 70,000 polypeptides (data not shown). This indicates that the effects of S deficiency on mRNA levels all appear to be reversed by restoration of S supply.
A similar rapid recovery of legumin synthesis and mRNA levels was seen earlier when detached pods from S-deficient plants were supplied with adequate sulfate through the pedicel (5). Early attempts to obtain recovery in an even simpler tissue system, such as detached whole seeds or isolated cotyledons, were initially unsuccessful. It was then found that detached seeds from S-deficient plants would respond to extra sulfate if this was supplied at relatively high concentration (6 to 12 mM) through the funicle. The effect of restored sulfate supply on the level of legumin and vicilin mRNAs is shown in Figure 6 . Both mRNAs behaved in a manner similar to that seen in the recovering whole plant; legumin mRNA increased sharply in 24 h approaching the level found in nondeficient seeds, and Mr 50,000 vicilin mRNA declined slightly in the same period. Recovery oflegumin mRNA levels in S-deficient seeds has also been found after supplying them with methionine, cysteine, glutathione, or mercaptoethanol rather than sulfate (data not shown). We corresponding to its cDNA insert. 
DISCUSSION
This study compares the patterns of synthesis of the major proteins of pea seeds and changes in their mRNA levels during development of healthy and S-deficient plants. S deficiency resulted in a number of major changes in addition to the previously reported reduction in legumin synthesis and legumin mRNA levels (5) . Both the relative level and the duration of synthesis of vicilin Mr 50,000 polypeptides were markedly increased (Figs. 1 and 2 ) and these changes were paralleled by increases in the relative level of mRNA for these polypeptides and the persistence of this high level through the second half of seed development. This is in sharp contrast to the nondeficient seed in which Mr 50,000 vicilin synthesis and its mRNA are largely confined to the first half of seed development. Another change resulting from S deficiency was the greatly reduced level of synthesis of the albumin polypeptide of M 11;000. This change was correlated with a marked reduction in the level of its mRNA. The synthesis ofother albumin polypeptides, (Mr 22,000 and -95,000) was also decreased by S deficiency, albeit less dramatically. These changes in synthesis of the major albumins are consistent with an earlier report on the effect of S deficiency on the level of these albumin polypeptides accumulated in the mature seed ( 16) .
It should be stressed that data in this report are on a relative basis and do not necessarily reflect changes in absolute levels of protein synthesis and mRNA. Changes in absolute level vary with the degree of S deficiency. For example, at a moderate level of S stress, the total amount of vicilin per seed increased by 51% while legumin decreased to <5% ofthe amount in control seeds. Under more severe S deficiency conditions, absolute vicilin levels also declined but to a much smaller extent than legumin (data not shown).
Three related families of vicilin M, 50,000 mRNAs have been identified from a study of cDNA clones (P. M. Chandler, unpublished results). The inserts in the three respective clones (Table  I) show sequence divergence of 15 to 25% and as a result they do not cross-hybridize under the conditions used in this study. During development of normal cotyledons a pattern of mRNA accumulation similar to that shown in Figure 3 was observed for all three families. In S-deficient cotyledons all three mRNA classes reached higher relative levels and persisted much longer during development (data not shown). It, therefore, appears that a common regulatory factor controls expression of these three families and that S deficiency perturbs this control.
It was reported previously that a minor component of the total vicilin fraction was reduced in S deficiency. This component, detected by immunoelectrophoresis using antiserum to total vicilin and referred to as peak 3, consisted mainly of a Scontaining Mr 50,000 polypeptide (14) . The relationship of this M, 50,000 polypeptide to the major M, 50,000 vicilin components, all of which are greatly increased in S deficiency and two of which have been sequenced and found to lack cysteine and methionine (1 1, 18) , is not clear. It is possible that the Mr 50,000 polypeptide of peak 3 corresponds to the minor, S-containing Mr 50,000 polypeptide derived from a Mr 70,000 precursor which was detected in earlier pulse-chase labeling experiments using a.
I35Sjmethionine (6) .
Mechanism of Regulation. The mechanism by which the S status of the seed can exercise such varied controls on mRNA levels and protein synthesis is not understood. The ability of isolated S-deficient seeds to respond to restored S supply in the same way as seeds on the intact plant (Fig. 6) indicates that no factors from the remainder of the plant are needed to mediate the response to changing S status. The fact that, in addition to sulfate, compounds such as cysteine, methionine, glutathione, and mercaptoethanol all elicited increased legumin mRNA levels in detached S-deficient seeds makes it likely that a reduced S compound is involved in the response.
The various effects of S deficiency and of restored S supply on the synthesis of individual seed proteins was closely correlated with changes in their mRNA levels. The same is true for developmentally regulated patterns of protein synthesis during seed development in nondeficient plants. The simplest conclusion from this close relationship is that altered rates of protein synthesis result from modulation of mRNA levels. This modulation could occur at the transcriptional level, during posttranscriptional processing, or at the level of mRNA stability. Control of mRNA abundance solely at the level of transcription would imply the existence of one or more agents which are sensitive to S supply and which mediate altered rates and duration of transcription of a number of major seed protein genes. On the other hand, control during posttranscriptional processing, or of mRNA stability, may indicate that transcription of these genes continues at the same rate in both healthy and deficient seeds, and that in the nucleus or in the cytoplasm there is selective degradation of some mRNAs in response to sulfur stress. In both these models it is mRNA levels which are modulated and these levels in turn control protein synthesis. We cannot exclude a third possibility, namely, that other factors, for example the availability ofS amino acids (see below), may exert direct translational control on the synthesis of particular polypeptides in S-deficient cotyledons. The observed changes in mRNA levels could then result from the preferential degradation of those mRNAs which are not translated at normal rates. In this model the changed mRNA levels would be a consequence rather than a cause of altered patterns of protein synthesis.
S deficiency in peas results in reduced synthesis of a number of proteins which contain S amino acids (legumin and the Mr 11,000, 22,000, and 95,000 albumins) and increased synthesis of 50,000 vicilin polypeptides which lack both cysteine and methionine (1 1, 18) . A similar preferential reduction in the amount of the more S-rich seed proteins has been reported in a number of other species (2, 15, 17, 21) . This immediately suggests the possibility of a translational control mechanism exercised through the availability of methionine and cysteine for polypeptide synthesis. A shortage of these amino acids could lead to discrimination against the synthesis of the more S-rich proteins. There are, however, several observations which argue against this as the sole explanation for the changing pattern of protein synthesis in response to S deficiency.
First, Macnicol (12) has measured the level of all amino acids in the aminoacyl-tRNA pool of S-deficient and control seeds and found that, although total tRNA levels are reduced by S deficiency, there was no difference in the relative amounts ofcysteine and methionine in the aminoacyl-tRNA pools in the two situations. Since these amino acids are the immediate substrates for polypeptide synthesis, this argues against translational control at this level. Second, the selection is not consistently against translation of mRNAs coding for S-rich proteins. Jakubek and Przybylska (10) have determined the amino acid composition of the Mr 22,000 albumin of pea seeds and found that it contains 0.9% cysteine and 1.6% methionine. This protein is richer in S amino acids than is legumin (1.0% cysteine and 0.7% methionine, [3] ), yet its accumulation and mRNA level are affected much less by S deficiency. Third, it is apparent from DNA sequencing studies that the mature vicilin Mr 50,000 polypeptides contain few, if any S amino acids. Nevertheless, cysteine and methionine are required for synthesis of these proteins as their signal peptides are relatively rich in S amino acids: for example, the 27 amino acids of the signal peptide deduced from the sequence of pPSl 5 (15) . Current experiments are examining the changes in protein synthesis and mRNA levels in these seeds during development. These widely varying responses ofdeveloping seeds to different nutrient stresses, including the apparently compensatory increase in synthesis of specific proteins, points to a high degree of phenotypic plasticity in the developing seed system. This is further indicated by the ability of S-deficient seeds to respond rapidly to restored sulfur levels more than halfway through seed development. A better understanding of the molecular events involved in these situations will provide more insight into some of the regulatory mechanisms which determine the composition of the seed protein fraction.
